The present study describes an auxiliary tool in the diagnosis of left ventricular (LV) segmental wall motion (WM) abnormalities based on color-coded echocardiographic WM images. An artificial neural network (ANN) was developed and validated for grading LV segmental WM using data from color kinesis (CK) images, a technique developed to display the timing and magnitude of global and regional WM in real time. We evaluated 21 normal subjects and 20 patients with LVWM abnormalities revealed by two-dimensional echocardiography. CK images were obtained in two sets of viewing planes. A method was developed to analyze CK images, providing quantitation of fractional area change in each of the 16 LV segments. Two experienced observers analyzed LVWM from two-dimensional images and scored them as: 1) normal, 2) mild hypokinesia, 3) moderate hypokinesia, 4) severe hypokinesia, 5) akinesia, and 6) dyskinesia. Based on expert analysis of 10 normal subjects and 10 patients, we trained a multilayer perceptron ANN using a back-propagation algorithm to provide automated grading of LVWM, and this ANN was then tested in the remaining subjects. Excellent concordance between expert and ANN analysis was shown by ROC curve analysis, with measured area under the curve of 0.975. An excellent correlation was also obtained for global LV segmental WM index by expert and ANN analysis (R 2 = 0.99). In conclusion, ANN showed high accuracy for automated semi-quantitative grading of WM based on CK images. This technique can be an important aid, improving diagnostic accuracy and reducing inter-observer variability in scoring segmental LVWM.
Introduction
One of the techniques most commonly used to quantify left ventricular systolic function in patients is based on visual analysis of myocardial thickening and wall motion by an experienced and trained observer. This assessment is subjective, highly dependent on the observer's experience and the results obtained are semi-quantitative. This analysis plays a special role during stress echocardiography, a powerful tool for noninvasive diagnostic and prognostic evaluation of patients with coronary heart disease. However, a wide variability in grading left ventricular wall motion has been documented even among experienced observers (1-3). Therefore, it would be desirable to develop methods for improving the agreement between observers during wall motion analysis.
Artificial neural network (ANN) applications in clinical medicine, and specifically in Cardiology, have increased in the last few years (4) (5) (6) (7) (8) (9) . This tool has the ability to recognize and classify complex patterns of biological information by learning from examples, to identify relations in input data, and to provide automated interpretation of clinical or diagnostic information.
Acoustic quantification (10, 11) is an automated edge detection method incorporated into a commercially available ultrasound system which provides real-time, objective and reproducible estimation of ventricular area and volume (10) (11) (12) (13) (14) (15) (16) . Color kinesis is a new technique (17) based on acoustic quantification, developed to display on-line timing and extension of endocardial motion by creating a color map of regional wall motion. Despite its potential for clinical application, there are no previous studies analyzing the diagnostic potential of color kinesis images for grading left ventricular systolic function by using an ANN tool.
The objectives of the present investigation were: 1) to develop a computerized method for quantifying the relative extension of segmental systolic endocardial motion as documented by color kinesis, and 2) to develop and validate an ANN for grading left ventricular segmental wall motion using data from color kinesis images obtained for normal subjects and patients with left ventricular dysfunction.
Subjects and Methods

Subjects
Color kinesis images were obtained for 21 normal subjects (8 women and 13 men) aged 23 to 61 years (mean: 30 years), who were completely asymptomatic and who presented a normal two-dimensional echocardiogram, and for 20 patients (4 women and 16 men) aged 24 to 70 years (mean: 53 years) who had segmental or diffuse left ventricular dysfunction as documented by two-dimensional echocardiography. Patient inclusion criteria were: 1) adequate image quality (two-dimensional and endocardium tracking by acoustic quantification), 2) sinus rhythm, and 3) presence of wall motion abnormalities exclusively related to ischemic or myocardial disease. All subjects who were included in this investigation provided written informed consent to participate. The protocol was approved by the Ethics Committee of the Hospital das Clínicas de Ribeirão Preto.
Equipment and data acquisition
The investigation was performed using a commercially available ultrasound system (Sonos 5500, Philips, Andover, MA, USA) which included the acoustic quantification and color kinesis software packages. Images were obtained with subjects in left lateral decubitus, using a 2-to 4-MHz transducer. After a complete conventional two-dimensional echocardiographic study, the acoustic quantification software was activated and adjusted to obtain adequate tracking of endocardial borders. Color kinesis images were then obtained and recorded on a magnetic optical disk.
The acoustic quantification technique provides frame-by-frame endocardial border detection based on the analysis of intensity of the received ultrasound signal compared to a pre-established threshold. Therefore, received signals are classified as blood or tissue if their intensity is lower or higher, respectively, than the established threshold. Color kinesis represents an on-line color encoding of endocardial excursion throughout the cardiac cycle. The variable position of the endocardial border during the cardiac cycle is tracked and represented by different color hues triggered by end-diastole and displayed at 33-ms intervals. At end-systole, the colors added during systole frame by frame result in a color overlay consisting of each 33-ms display which express the timing and magnitude of endocardial excursion throughout systole.
Color kinesis images were obtained in two sets: 1) apical views (longitudinal, 2 and 4 chambers); 2) parasternal short axis views (at the mitral valve, papillary muscle and apical levels). For each imaging plane, two systolic images were obtained, stored on a magnetic optical disk and downloaded into a personal computer where all calculations and processing were performed. The first of these image planes is parallel to the long axis of the left ventricle, while the other one is perpendicular to this axis.
Based on these two sets of images, it was possible to define 16 segments of the left ventricle as standardized by the American Society of Echocardiography (18) for each imaging plane.
Image segmentation and segmental analysis of endocardial motion
Color-coded images were divided into segments using a custom software. In a first step, a binary image was extracted from the original image, where colored pixels were assigned as true, or a value of 1, while gray scale pixels were assigned as false, or a value of 0. Therefore, areas containing the color hues in the image were separate from the black and white background. Most of the image processing performed was based on Boolean morphologic operations on these binary images (18) .
The centroid of left ventricular diastolic cavity, representing the average coordinates for all points composing this cavity, was mathematically calculated as previously reported (17) . This centroid can be described by:
where s is the area of the left ventricular chamber at end systole, and x1 and x2 are the two-dimensional space coordinates.
In the short axis plane processing, the ventricular segmentation was started by connecting the centroid point to a manually identified point representing the junction between the right ventricular posterior wall endocardium and the interventricular septum. From this line, the left ventricle was automatically divided into six 60º segments for basal and medium regions and four 90º segments for the apical region (Figure 1 ).
For the long axis images, a distal point represented by a color pixel located at a greater distance from the centroid was identified. Two other points were then manually marked on the image, identifying the external limits of the mitral valve ring. These two points were important to exclude the color overlay reflecting the mitral valve excursion from the calculations of left ventricular systolic function. Ventricular segmentation considered the distal point located in the apical region and the two points in the mitral valve ring. All of these points were connected to the centroid and the ventricular chamber was divided into 6 segments with equivalent angles. The fractional area change was then calculated for each segment as follows:
where A d is the total area of the segment at end diastole (corresponding to the total pixel count, including all color pixels and those identified as blood) and A s is the total area of the segment at end systole (corresponding to the color pixel area).
Development, architecture and training of the artificial neural network
One of the main problems in the application of ANN is the adequate choice of input parameters. In the present study, to obtain an automated semi-quantitative classification of left ventricular wall motion, we chose the fractional area change of color kinesis images representing segmental wall motion. Based on left ventricular segmentation, as shown in Figure 1 , we have, therefore, 32 nodes in the input layer to feed the neural network.
A multi-layer perceptron neural network was developed and trained in order to provide an automated tool for analysis of regional systolic function using color kinesis images. Network development and training was executed using a specific tool for neural network programming in the MatLab ™ software environment.
A 3-layer fully connected perceptron (19) network was created, with the first layer neurons having a sigmoid transfer function and the second and third layers using semilineal functions. The input layer has 32 nodes, one for each ventricular segment on both planes, and the output layer has 16 nodes denoting corresponding wall motion scores. The neurons were initialized with random values for weights and alias, and trained using the back-propagation (20) algorithm. We used a descending gradient with a momentum model for learning.
The best training response for the net was with the momentum factor of 0.8. The defined error goal was 5.0 x 10 -5 , so that the training stopped at this total error. Another stopping criterion was fixed for the minimum gradient and below this gradient the algorithm is halted. The learning rate set for the back-propagation algorithm was 0.25. Therefore, the weights were adjusted by normalized error and this learning rate product.
To adequately grade left ventricular wall motion, the training pairs (X, d) correspond to fractional area change, obtained from color kinesis images, as an input variable and the discrete information defining left ventricular wall motion as normal or abnormal, corresponding to the desired answers obtained from expert grading of wall motion. Semiquantitative expert classification of segmental wall motion was performed by two experienced observers. They analyzed left ventricular wall motion from two-dimensional images for normal subjects and patients using the following scores: 1) normal, 2) mild hypokinesia, 3) moderate hypokinesia, 4) severe hypokinesia, 5) akinesia, and 6) dyskinesia. When a discordant analysis between the two observers occurred, the wall motion score was defined by consensus. Using this approach it is possible to train the associative memory of the neural network based on the specialist's knowledge.
After training, the network needs to be tested to verify its accuracy for classifying different gradings of left ventricular wall motion. Therefore, the data set was divided into two subgroups: a training group and a testing group. Both groups included equal numbers of normal individuals and patients presenting different degrees of ventricular dysfunction. The training group was used to train the neural network and the testing group was then used to evaluate the diagnostic accuracy of this tool.
Statistical analysis
The sensitivity and specificity of the ANN tool compared to the physician's grading of left ventricular wall motion were calculated using standard equations. The performance of the neural network was also evaluated by receiver operating characteristic (ROC) curves and linear regression analysis.
Results
After training, the accuracy of the ANN in identifying and grading left ventricular wall motion abnormalities was determined in a group of normal subjects and of patients presenting left ventricular systolic dysfunction. Figure 2A and B shows a color presentation of left ventricular wall motion scores ranging from 1 to 4 for each of the 16 segments evaluated by the expert physicians ( Figure 2A ) and by the ANN (Figure 2B ). The different subjects evaluated, including normal volunteers and patients with ventricular dysfunction, are represented on the xaxis. By visual analysis it is possible to observe a high degree of concordance between expert and automated ANN classification of wall motion. This agreement can also be appreciated in Figure 3 , which shows the correlation between mean left ventricular wall motion scores for all 16 ventricular segments, for each individual studied, obtained by expert analysis and by ANN classification. A linear relationship with a coefficient of determination of 0.9959 was documented, confirming high agreement between the two evaluations. The efficiency of the trained network for classifying the testing group was evaluated by a ROC curve, considering only two categories for the different classifications: negative or normal wall motion, i.e., a score of 1, and positive or some degree of wall motion abnormality (a score of 2 or higher). The ability of ANN for automated identification of ventricular wall motion abnormality can be appreciated in Figure 4 , which shows the ROC curve obtained under the specified conditions for the evaluation of the test group. The area under the curve was of 0.975, which indicates a high performance of ANN for the detection of wall motion abnormality with high levels of specificity (0.987), without compromising ANN sensitivity (0.985). These results show an excellent ANN accuracy for providing diagnostic classification.
Discussion
Identification and grading of left ventricular segmental wall motion abnormalities are a fundamental part of clinical evaluation of patients presenting coronary artery disease. Usually, this evaluation is subjective and highly dependent on the observer's experience, and the results obtained are semiquantitative. Even among experienced observers, a wide variability in grading left ventricular wall motion has been documented (1-3). Therefore, a computerized tool which could assist physicians in the diagnosis and classification of wall motion abnormalities would be quite useful. ANN have been previously used to interpret different types of images (8, 21) but, to the best of our knowledge, this is the first study using this decision support technique to evaluate ventricular function based on echocardiography.
In the present study, we have shown that an ANN, fed forward using segmental quantitation of wall motion obtained from color kinesis images and previously trained using a database with expert physician grading of wall motion, was able to automatically iden- This tool can represent an important support for training physicians in echocardiography and can also be an important aid to improve diagnostic accuracy and to reduce inter-observer variability in scoring segmental left ventricular wall motion. In addition, this technology offers great promise for the development of an automated computerized tool for grading wall motion during stress echocardiography, an important diagnostic and prognostic method for the investigation of coronary heart disease in the clinical setting.
